EXECUTIVE SUMMARY
Fluidic diodes are presently being considered for use in several fluoride salt-cooled high-temperature reactor designs. A fluidic diode is a passive device that acts as a leaky check valve. These devices are installed in emergency heat removal systems that are designed to passively remove reactor decay heat using natural circulation. The direct reactor auxiliary cooling system (DRACS) uses DRACS salt-to-salt heat exchangers (DHXs) that operate in a path parallel to the core flow. Because of this geometry, under normal operating conditions some flow bypasses the core and flows through the DHX. A flow diode, operating in reverse direction, is-used to minimize this flow when the primary coolant pumps are in operation, while allowing forward flow through the DHX under natural circulation conditions. The DRACSs reject the core decay heat to the environment under loss-of-flow accident conditions and as such are a reactor safety feature. Fluidic diodes have not previously been used in an operating reactor system, and therefore their characteristics must be quantified to ensure successful operation. This report parametrically examines multiple design parameters of a vortex-type fluidic diode to determine the size of diode needed to reject a particular amount of decay heat. Additional calculations were performed to size a scaled diode that could be tested in the Oak Ridge National Laboratory Liquid Salt Flow Loop. These parametric studies have shown that a 152.4 mm diode could be used as a test article in that facility. A design for this diode is developed, and changes to the loop that will be necessary to test the diode are discussed.
Initial testing of a scaled flow diode has been carried out in a water loop. The 150 mm diode design discussed above was modified to improve performance, and the final design tested was a 171.45 mm diameter vortex diode. The results of this testing indicate that diodicities of about 20 can be obtained for diodes of this size. Experimental results show similar trends as the computational fluid dynamics (CFD) results presented in this report; however, some differences exist that will need to be assessed in future studies. The results of this testing will be used to improve the diode design to be tested in the liquid salt loop system.
INTRODUCTION
Fluidic diodes are used as flow control devices; they act as a leaky check valves. They offer high resistance to flow in one direction and much smaller resistance in the opposite direction. They accomplish this task without any moving parts, which makes them reliable and dependable. 1 Flow diode concepts have been around for many years. Figure 1 shows a fluidic diode patented by Tesla in 1920, 2 and many variations have since been patented. Tesla's design is such that the flow splits and recombines several times in the high-resistence flow direction, while flow is relatively straight in the low-resistance direction. Figure 2 shows a flow diode design based on multiple expansions and contractions. The figure is from a patent designed to prevent downflow in a chimney. Flow in the upward, or forward, direction moves through one tapered contraction, and then exhausts through a series of continuously larger openings. In reverse flow (or a chimney downdraft), the flow passes through smaller and smaller sudden contractions, and the flow resistance in this direction is much larger. Figure 3 shows a microchannel fluidic diode. The diode is the chain of arrows in the center of the figure. The remainder of the structure is used to measure pressures at either end of the diode. In this design the higher flow resistance is in the right-to-left direction, and the lower flow resistance in the leftto-right one. A ball-and-screen diode design is shown in Fig. 4 . In this design the balls need to be close to buoyant in the flow stream. On the left figure, the flow is in the upward direction. In this case the balls are captured by a screen that has a relatively large opening cross section compared to the cross section of the balls, and the flow is only slightly restricted by the presence of the balls. In the downward direction, the balls are restricted by a much smaller cross section, and the flow must pass through a packed bed geometry leading to significantly higher flow resistance. Another fluidic diode design is shown in Fig. 5 . A series of guide blades are centered in a flow tube, and a swirl-inducing impeller is located at one end of the device. In the figure flow in the downward direction is primarily through the unobstructed annular region around the guide blades; this direction is the low-pressure drop direction. Flow in the upward direction must first flow through the impeller, which initiates swirl in the flow. The guide blades are designed to force the flow to continue swirling through the length of the device, causing a high-pressure drop in that direction.
Another type of fluidic diode design also uses swirling flow in a somewhat different configuration; the vortex diode is designed to create a rotating flow to increase the flow resistance in one direction. An example of the vortex diode is shown in Fig. 6 . It is designed so that flow in the forward direction enters at the center of the device and exits at the tangential port (the diagram on the right of Fig. 6 ). In the reverse direction, flow enters the tangential port, induces a swirling flow in the diode and then exits at the center port (shown in the left-hand diagram of Fig. 6 ), increasing the pressure drop significantly over that in the forward direction. Vortex diodes are presently used in the nuclear industry, mainly for radioactive waste pumping and transport. Two vortex diodes can be used to fashion a pumping system that has no moving parts. An example is shown in Fig. 7 . In this pump design, gas pressure and vacuum are alternately applied to the tank.
Vortex diodes are attached to the tank in such a way that for one diode, flow out of the tank and through the diode is in the high-flow-resistance direction, and for the other flow diode, it is in the lowflow-resistance direction. When pressure is applied to the tank, flow wants to exit the tank through the flow diodes. More flow exits the diode that flows in the low-resistance direction (drive diode) and less through the one in the high-flow-resistance direction (refill diode). Similarly, if a vacuum is applied to the tank, flow wants to enter the tank through each diode. The flows through the diodes reverse, and now the high-flow-resistance direction is through the drive diode, and the low-flow-resistance direction is through the refill diode. A pump such as this has no moving parts and in general has all flow paths relatively open. A pump design of this type, although not very efficient, can be used to transport a variety of fluids, including those with entrained solids, and requires very little maintenance. Several low-pressure, liquid-cooled reactor designs include a fluidic diode to control flow through heat exchange equipment used for passive reactor decay heat removal. The Pebble Bed Advanced High Temperature Reactor (PB-AHTR) is one of those reactor designs. 3 A schematic of the 2008 version of this reactor design is presented in Fig. 8 . During normal operation liquid salt coolant (FLiBe) is pumped into the reactor vessel (arrow pointing to the left at the right of the figure) and flows to the core that is composed of multiple beds of pebble fuel. The flow exits the core and then through the top of the vessel (arrow pointing right at the right of Fig. 8 ). Heat exchangers located outside of the reactor vessel are used to remove the heat generated by the core during normal operation. Piping parallel to the core creates a flow path to a direct reactor auxiliary cooling system (DRACS) that is used for decay heat cooling when there is no forced flow through the core. The DRACS is made up of a salt-to-salt heat exchanger (labeled DHX in the figure; the heat exchanger itself is indicated as a pink zigzag line, and the primary coolant salt in that system is indicated in blue) and a natural draft air-cooled heat exchanger (labeled passive decay heat removal in the figure). A second liquid salt loop connects these heat exchangers. During normal operation the primary salt wants to flow upward through the secondary side of the DRACS salt-to-salt heat exchanger (DHX) from the bottom to the top of the core. Heat lost through the DRACS system during normal operation is a thermal loss in the overall system and therefore reduces operating efficiency. A fluidic diode included in this flow path at the bottom of the DHX is used to minimize this flow during normal operation and therefore minimize thermal losses. When the main circulation pumps are not operating, decay heat can be removed through the DRACS system. Once the pumps stop, as flow coasts down through the core, the DHX cools the primary salt in the DRACS, and the primary flow reverses from flowing upward in the DRACS system to downward (although flow is still upward in the core). The DRACS then removes decay heat through the secondary salt loop and discharges this heat to the atmosphere through the natural draft air cooler.
The ideal fluidic diode in a fluoride salt-cooled high-temperature reactor (FHR) should therefore offer minimum flow leakage during normal operation, while providing sufficient cooling during shutdown or emergency conditions through natural circulation. A vortex design has been chosen for the FHR because it has the most operating history and has the potential to give the desired flow characteristics.
We have performed initial parametric studies of vortex diodes to determine, first, the size that might be needed in the PB-AHTR and, second, the size of a similar diode that might be tested in the Oak Ridge National Laboratory (ORNL) Liquid Salt Flow Loop. The normal operating pressure drop through the core of the PB-AHTR is 440 kPa. The total core mass flow rate is about 3630 kg/s and the coolant leakage around the fuel during normal operation is not to exceed 2.5% of the total mass flow rate. Multiple DRACS are used in the PB-AHTR design being studied. There are a total of eight independent DRACS, and there will be eight diodes connected to eight DHXs. (A single DRACS schematic is shown in Fig. 8.) 
VORTEX DIODE DESIGN
It is common design practice 4, 5 to make the inlet and exit ports of the vortex diode of equal diameters and to define the vortex diode's physical size by its disc diameter to its height ratio (d c /h), α. The performance of the diode is characterized by the ratio of the pressure drop in the high-resistance flow direction to the pressure drop in the low-resistance flow direction for the same mass flow rate. This ratio is termed diodicity, D. Kulkarni et al.'s 4 experimental results of vortex diodes show that the diodicity increases with α till it reaches approximately six, then it stays approximately constant with increasing α. Similarly, Priestman 6 and Tippetts and Priestman 7 in their experimental studies of vortex diodes also found that diodicity approaches its maximum value when α is approximately six. Beyond this aspect ratio, diodicity will not increase as a result of an increase in the inlet mass flow rate. We therefore use an α equal to six for all of the diodes in this study. Kulkarni et al.'s 4 experimental study also showed that the diodicity increases with the Reynolds number until it reaches a certain value, at which it stays constant. They termed this Reynolds number the critical Reynolds number, Re c . The Reynolds number, Re, was defined as
where ρ a = density of fluid at the inlet port V a = fluid velocity at the inlet port d a = diameter of inlet port µ = viscosity of fluid.
In this report we adopt the same nomenclature as that used by Kulkarni et al. 4 A diagram of the vortex diode and the nomenclature used in this report is shown in Fig. 9 .
To study the parametric behavior of vortex diodes and identify potential test diode configurations, we have developed computational fluid dynamics (CFD) models using the FLUENT CFD code 8 . These models have been used to simulate vortex diodes of various diameters, operating with different fluids, and operating over a range of Reynolds numbers.
Due to the complex three-dimensional nature of the flow inside vortex diodes, an analytical solution to the problem is impossible without significant simplifying assumptions. We therefore used the commercial CFD code FLUENT to perform a variety of parametric studies. The simulation of flow and turbulence in vortex diodes has been approached in different ways by different authors. For instance, Kulkarni et al. 4 claimed that the turbulent flow inside the vortex chamber relaminarized and eliminated the need for any turbulent modeling. His experimental results showed good agreement with simulations using a laminar flow assumption when compared to simulations that used the standard k-epsilon (k-ε) turbulence model. Yang and Priestman 9 claimed that the Reynolds stress turbulence model provided better agreement with their experimental results than the standard k-ε turbulence model. Their reasoning was that the assumption of isotropic turbulence embedded in the k-ε model is not valid because of the geometry of the flow and that an anisotropic turbulence model was more appropriate. Yin et al. 10 used a large eddy simulation (LES) technique and claimed an improved comparison because of the large pressure gradients that exist in vortex diodes that include unsteady pulsating flows. Yin justified using the LES method because the flow inside the vortex diode involves a large variety of eddy sizes and swirl number, S, (defined below) that varies from high to very small values in the vortex chamber. They noted that the renormalization group k-ε turbulence model and the realizable k-ε turbulence model are both suitable for low swirl numbers, and the Reynolds stress model is suitable for high swirl numbers. As a compromise they used an LES formulation. The LES model, however, requires a highly refined mesh (over 6,000,000 cells for some runs) and extensive computer time. 
SIMULATION OF THE VORTEX DIODE
The swirl number, S, is defined as The swirl number is therefore an indicator of the amount of rotation in the flow. In our case, θ is in the circumferential direction of the vortex chamber, z, is along the centerline of the axial port, and R is the radius of the vortex chamber.
The performance of the diode is typically characterized by the diodicity. All experimental results and CFD simulations indicate that diodicity increases with the vortex chamber diameter up to a certain size and a certain mass flow rate. Other factors also affect diodicity, including the shape of the axial and tangential ports that connect the vortex chamber to the remainder of the fluid system. In the existing literature, a variety of tangential and axial port shapes have been examined including straight tubes, diffusers, and rectangular cross sections, as well as combinations of these. Priestman 6 provided a detailed experimental study of vortex throttles and used different geometric shapes for the tangential and axial ports (circular and square sections) and sizes. The vast majority of previous research has focused more on the axial port shape than on the tangential one. For instance, Priestman 6 studied five different designs for the axial port, whereas Kulkarni 4 provided one shape but six different sizes. For all experiments diodicity varied with both shape and size of the ports. The effect of the port sizes on the Euler number is not clearly understood as shown by Kulkarni et al.'s 4 experimental results. Port size and shape will have an impact on vortex performance because inlet velocity patterns and pressure distribution have an effect on the pressure drop and the flow structure within the diode chamber. The experimental data of Kulkarni et al. 4 and Priestman 6 indicate that an increase in vortex diode size and mass flow rate will increase diodicity up to a certain diode size (that was ~100 mm for Kulkarni et al. 4 ) and mass flow rate (or Reynolds number). Beyond that diameter and mass flow rate, diodicity remained relatively constant. The shape and sizes of connecting ports to the diode chamber will affect diodicity but in a way not fully described by existing literature.
For our CFD calculations, the vortex diode was simulated with a circular disc-shaped vortex chamber fitted with tangential and axial ports of circular cross section. Both tangential and axial port diameters were assumed to be equal to the height of the circular discs. The solid model ( Fig. 10) was meshed using the GAMBIT 11 mesher. In most cases the number of cells used was between 1,250,000 and 1,500,000, and most cases were run with tetrahedron-shaped cells internal to the mesh and triangular cells on the faces. The skewness of the mesh was less than 0.8 for all cases studied. Convergence was achieved when two conditions were attained: (1) when the residuals for the continuity, momentum, and velocities reached a set criterion (usually 10 -6 ) and (2) when the mass flow rate or pressure drop values stayed constant. For reverse flow we used a pressure-based solver and a coupled velocity and pressure solution, with inlet and outlet ports as pressure outlets. For forward flow we used a pressure-based solver and a coupled velocity and pressure solution specifying the mass flow rate at the inlet port and a fixed pressure at the exit port. For most cases we used a k-ε two-equation turbulence model. (Where this was not the case, the model used is specified in the tabulated results.) 
CALCULATION RESULTS
Parametric simulations were performed for diode sizes ranging from 152 to 635 mm in diameter and for different fluids and different Reynolds numbers. Table 1 below shows a summary of these results using 700 o C FLiBe as the fluid. These cases were run to determine approximate sizes that might be used in the PB-AHTR reactor design. The pressure drop in the reverse flow direction was assumed to be the core pressure drop of the PB-AHTR, and a CFD analysis was run to determine the reverse mass flow through the diode. This mass flow was then used to run a second calculation in the forward flow direction to determine the pressure drop in the forward flow direction and therefore the diodicity. As indicated in the table, the larger the diode, the higher the diodicity up to a certain diode size, then diodicity becomes independent of diode size. All runs show the effect of the Reynolds number on the diodicity. As indicated, the diodicity tends to increase with increased Reynolds numbers (or mass flow rates). This conclusion is consistent with conclusions reached by other investigators (references. 4 and 5, for instance). Figure 11 shows the results of all of the FLiBe calculations. The expected increase in diodicity with Reynolds number is clearly seen when plotted in this manner. Additionally, this figure shows significant differences in predicted diodicity when using the k-ε model when default values for length scale and intensity are selected versus the modified ones, which are believed to better characterize the flow within the diode. We have selected modified intensity and length-scale values for the k-ε model. Using reference 8, length scales are assumed to be 7% of the diode inlet diameter, and the intensity is calculated using the following formula: CFD calculations have also been performed to examine other liquid salts. Table 2 shows results of calculations using FLiNaK salt at 700 o C. FLiNaK is the salt that will be used in the Liquid Salt Flow Loop diode tests. It is expected that flows through these devices will be turbulent. However, because it has been suggested in the literature that the vortex has the potential to relaminarize the flow once it enters the dioide, a comparison was made between assuming laminar and turbulent flow in the diode. To do this, one diode size was examined. FLUENT calculations were first run using the k-ε turbulence model and then run again assuming laminar flow. Results of these calculations are shown in row 2 (turbulent) and row 1 (laminar) in Table 2 . As before, a 440 kPa pressure drop across the diode in reverse flow was assumed. As Table 2 indicates, and as expected, flow for the laminar assumption was higher than that for the turbulent one. The flow rates were about 25% different, and the calculated diodicities were different by about 23%. The conclusion is that if relaminarization should actually occur in the diode and it was designed using turbulent assumptions, the flow rate through the diode would be greater than expected, and the diodicity would be smaller than expected.
A 228.6 mm diode case was run for both FLiNaK (row 12, Table 2 ) and FLiBe (row 4, Table 1 ) to compare the behavior of different fluids. Again, ~440 kPa was assumed for the reverse flow pressure drop. FLiNaK viscosity is about one-half that of FLiBe, and the densities are about the same. Because the reverse flow pressure drop is dominated by momentum forces rather than viscous, the reverse flow rates through the diode are almost equal. However, in the forward flow direction in which viscous forces are more important, the pressure drop through the FLiNaK diode is less than that of the FLiBe diode. The Reynolds number is significantly higher for FLiNaK because of the viscosity differences, and the diodicity is significantly higher for the FLiNaK case, which is consistent with other references.
A specific case was run to size a diode that might be tested in the ORNL liquid salt flow loop. The maximum pump head in this loop is 0.125 MPa, and the maximum flow rate is 4.5 kg/s. FLUENT calculations were run for a 152.4 mm diode operating with FLiNaK, and the results are shown in Table 2 (row 15). Calculations were first run to determine the flow rate in reverse flow at the maximum pressure output of the pump. The diode was calculated to require a reverse flow rate of 2.264 kg/s at this pressure drop. This is under the maximum loop pump output of 4.5 kg/s, so it should be possible to test this diode in the loop under reverse flow conditions. In the forward flow direction for the same flow rate, a pressure drop of 8,100 Pa was calculated. This pressure drop should be measurable using available hightemperature pressure transducer designs. Therefore, it should be possible to test a 152.4 mm diode in the liquid salt loop system with some modifications.
Additional design details were added to the 152.4 mm diode in an attempt to improve the diode's performance. It was noted that a significant amount of swirl still existed in reverse flow in the axial port under reverse flow conditions. To eliminate that swirl component, straightening veins were added in the axial port. Additionally, various authors have suggested that a rounded expansion in the axial port (in reverse flow) would also increase diodicity. These two features were added to the 152.4 mm diode above, and it was enlarged to compensate for the pressure drop added by the veins and expansion, making the modified diode 171.4 mm in diameter. The resulting diode design is shown in Fig. 12 .
The design includes reinforcing structures external to the diode that allow higher internal diode pressures. Ribs integral to the diode and a pair of plates used to "sandwich" the diode are incorporated in this design. This diode design was also analyzed using the FLUENT code. Results are reported in Table 2 (rows 13 and 14, indicated as a 171.45 mm diode) for two turbulence models .As indicated in the table, the diodicity is dependent on the turbulence model chosen and is actually less than that of an equivalent diode without the enhancements. The enhanced diode design has been tested using water, and experimental results are discussed in Chapter 6. Additional calculations will be needed to finalize the diode design to be tested in salt.
Several calculations were also performed using water as the fluid for a single diode size of 114.3 mm. Results are presented in Table 3 . As with the FLiNaK calculations, both laminar and turbulent cases were run, and the results are very similar; calculated diodicity is significantly higher when turbulence is assumed. There are many factors that affect the CFD solutions. These include the mesh size, flow structure classification (turbulent or laminar flow), and turbulent model used for analysis. A mesh size study was performed to evaluate the impact of mesh size on calculation results. Results of this study are shown in Table 4 below. Three runs were made to check the effect of the number of cells on the diodicity of the vortex diode. It is shown that the 1500K mesh size produced about 17% higher predicted diodicity than models using a smaller cell count. We are planning more runs to investigate the effect of higher mesh size-up to 3M size. All diode calculations in this report used ~1500K cells. Figure 13 shows the CFD results for diodicity versus the Reynolds number for only the 228.6 mm and 304.8 mm diodes. Most of the calculations were run assuming a 440 kPa pressure drop in the reverse flow direction. The Reynolds number increased because of a size increase in the diode. (Both mass flow through the diode and characteristic dimension increased.) It has been shown in experimental studies (see Ref. 5 ) that diodicity should increase smoothly with Reynolds number for a given diode size. As shown in Fig. 13 , this was the case for the 228.6 mm and 304.8 mm diodes analyzed in this study. These results also show that diodicity was independent of diode sizes. The same trend is observed in Kulkarni's 5 watertesting results for diode sizes comparable to ours. The results of those tests showed diodicities up to 50 for this diode and Reynolds numbers above about 25,000. In the CFD cases presented here, the largest diodicity we have calculated is approximately 30 for significantly larger diodes (380 m). The explanation for the discrepancy is not clear at this point, and additional investigation is needed to determine the reasons for the differences. Data from all of the CFD runs are presented in Fig. 16 . These results show that, at least for the diode sizes analyzed here, the diodicity for all of the fluids and all diodes can reasonably be described as a function of Reynolds number. The results in this figure represent only those data that were developed using the realizible k-ε turbulence model with modified length-scale and intensity values.
Figures 17 and 18 show path lines for a 304.8 mm FLiBe diode operating at 430 kPa in both the reverse (Fig. 17) and forward (Fig.18 ) directions. Figure 17 shows a reasonably uniform flow pattern in the reverse direction. However, there still exists some swirl flow in the outlet, implying that the overall effect of the diode on reverse flow pressure drop might be slightly underestimated in these calculations. Figure 18 shows the forward flow behavior and the fact that the entire diode body influences the flow. The flow tends to enter the diode, impact the bottom of the diode like a jet, and then get distributed to the top of the diode body before exiting in the forward direction. 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000
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Water calc. An additional set of calculations was performed to examine the potential natural circulation behavior of the PB-AHTR under decay heat load to determine if the forward flow pressure drop within the diode was low enough to provide the needed cooling in the core. An EXCEL spreadsheet was used to balance the buoyancy head and the frictional pressure drop in the primary cooling circuit that would be active when the main circulation pumps were not operational, and the DRACS was used to remove decay heat. In these calculations it was assumed that the temperature rise over the core would be 28 o C. This value actually varies over time as the decay heat level in the core changes. This temperature rise was chosen based on RELAP modeling of a somewhat different liquid salt advanced high-temperature reactor design in which 28 o C was the highest temperature rise during the decay heat transient. Because these scoping calculations were being used only to determine the approximate forward flow characteristics of the flow diode required, it was felt that this approximation was sufficient. The results of the natural circulation calculation indicated that a buoyancy-driven pressure differential of approximately 430 Pa was available to support flow through the natural circulation circuit. Pressure drops through each of the components in the natural circulation flow path were also calculated in the EXCEL model, and the flow rate was iterated until a balance between buoyancy and frictional pressure drop was achieved. At the conditions stated above, about 50 kg/s of flow through the core was supported by natural circulation. This corresponds to approximately 0.5% of total core power. Additional transient calculations would need to be run to see if this is ultimately sufficient. However, the CFD calculations imply that a 228.6 mm vortex diode would produce a static head of 17,612 Pa, for a total core flow of approximately 65 kg/s (8.16 kg/s × 8 DRACS = 65 kg/s from Table 1 . This forward pressure drop of about 177 Pa could probably be accommodated in the design. These estimates imply that at least a 635 mm. vortex diode will be needed for the PB-AHTR design. Additional CFD calculations are continuing to examine appropriate diode sizes for the actual reactor. A summary of the natural circulation calculations is presented in Appendix A.
LOOP DIODE DESIGN
As was discussed above, a 171.45 mm diameter flow diode appears to be a good fit with the ORNL Liquid Salt Flow Loop design. The diode will be fabricated in two halves, with the halves put together and then welded at the seam. A drawing of one half of the flow diode to be tested is shown in Fig. 19 . Both the inlet and outlet ports will be sized to match the inner diameter (ID) of a 25 mm. Schedule 40 pipe [26.6 mm ID], the piping size used in the ORNL Liquid Salt Flow Loop. Welded joints will be used to couple the diode with the loop piping. A rendering of the loop in its present configuration is presented in Figs. 20 and 21 . The pebble bed test section in the figures is the orange-colored object surrounded by an inductive heating coil. This test section will be removed and replaced by a test section that includes the flow diode. Figure 21 shows a closer view of the piping to be replaced for flow diode testing.
In the existing loop the SiC test section interfaces with the metal portion of the loop (on the pump side) via a slip joint. The metal portion of this joint is slip fit to a section on the pump outlet. To install the vortex diode test section, this joint will be used to attach new piping that supplies FLiNaK flow to the vortex diode. To test the diode in the other flow direction, the diode itself will be cut from the piping, and rewelded in place in the reverse direction. Additional instrumentation will also be needed for the flow diode testing. This will include one additional pressure transducer located at the inlet of the diode and a second located at the outlet of the diode to measure pressure differential during operation. For diode testing the inductive heating system presently used to supply power to the existing test section will be removed. Loop heating and loop temperature maintenance will be performed using trace heaters located around the loop. The control necessary for this heating during diode operation has yet to be assessed.
WATER EXPERIMENTATION
Test Loop: A water experiment has been conducted to determine the diodicity of a 171.45 mm diode, the size expected to be used in the Liquid Salt Flow Loop. The experimental water loop used for this testing is a pumped loop facility that is capable of providing up to 160 m 3 /h of water at 15 m of water head. It consists of a 1136 L water storage tank that operates at atmospheric pressure and acts as an inlet sump for the pump suction. The polyvinyl chloride loop piping is made up of a combination of 150 mm, 75 mm, and 50 mm piping runs. A loop rendering is shown in Fig. 22 . A Bell and Gossett 1510 centrifugal pump is driven by a 15 hp, 1800 rpm US Electrical Motors electric motor. A Robicon 454GT variable-speed inductive drive unit is used to vary pump revolutions per minute and flow through the loop. The pump curve for the Bell and Gossett pump is shown in Fig. 23 . The pump installed in the loop uses a 216 mm impeller. Maximum flow rates used for flow diode testing were only 10.2 m 3 /h, and the pump therefore operated at the lower end of the pump flow curve. The flow diode test article was placed in the 50 mm diameter line and located in the upper right corner of the piping shown in Fig. 19 . A Danfoss MAGFLOW MAG 3000 magnetic flow sensor and MAG 3100 signal convertor were used to measure the water flow rate entering the fluidic diode. The flow meter was calibrated in situ by removing the flow diode and timing the flow of water into a 208 L drum. The calibration covered multiple flow rates up to the maximum flow rate expected during testing i.e., up to 10.2 m 3 /h). Flow meter accuracy is 0.25% of reading. Two Omega PX209-060GI 0-60 psig pressure transducers were used to measure pressure before and after the flow diode. Transducers were calibrated against a National Institute of Standards and Technology calibration standard. The pressure transducers have an accuracy of 0.25% full scale, including linearity, hysteresis, and repeatability. An IOtech personal daq156 data acquisition system along with a Windows-based laptop computer were used to acquire flow and pressure data during testing. Loop operation: For reverse flow testing, the tangential port of the diode was oriented in the loop so that it acted as the inlet to the diode. Testing in the reverse flow direction of the fluidic diode consisted of aligning the loop valving so that the pump bypass valve was closed and all other valves in the system were open. This was done to obtain the highest possible pressure drop through the flow diode. The pump speed was increased until the desired flow rate through the diode was obtained, and data were taken for approximately 20 s. The data acquisition rate was approximately 2 Hz, so about 30 to 40 data points were taken at each flow rate. These data were then averaged to arrive at a single data point consisting of an individual flow rate and pressure drop combination.
After data were taken in the reverse flow direction, the flow diode was removed from the loop and reinstalled so that the axial port of the diode acted as the inlet. The loop was runs for the reverse flow operation except that the pump bypass valve was opened approximately 15% during forward flow testing. The pump speed was set to establish flow rates as close as possible to those taken during reverse flow testing. The loop globe valve was then adjusted to fine tune the flow even further. The data for the forward flow testing were taken in a similar manner to that discussed for the reverse flow tests.
Test article: The diode design shown in Fig. 12 was used for water testing. This diode was fabricated from acrylonitrile butadiene-styrene plastic using a three-dimensional printer system manufactured by Dimension. The mechanical design of the diode was made using a computer-aided design package, ProEngineer. A .stl file was generated with Pro-Engineer and imported into the Dimension Elite P11387 printer system. Printing took approximately 4 d, and the resulting component was soaked in a caustic bath overnight to remove support material used by the printer system during fabrication of the diode. The resulting part has no seams and requires no plastic welding after fabrication. A picture of the diode as fabricated is shown in Fig. 24 .
The printing process creates a high-fidelity geometry that is somewhat porous. To make it watertight, it is necessary to seal the porosity in the plastic. To do this, we used a vacuum epoxy process. The diode was placed in an open-top plastic bag, which was then filled with an unfilled high-solid-content epoxy resin manufactured by BJB Enterprises. The bag that held the diode and uncured epoxy was then placed in a small vacuum chamber (Fig. 25) . A vacuum was pulled and released multiple times to ensure that all pores in the diode were filled. At the end of the vacuum process, the remaining epoxy was drained from the diode and the epoxy-filled diode was hung to cure in such a way as to ensure that no epoxy pooling would occur during the draining/curing process. The diode was left to cure for 24 h before being used. Even after this process, a few pores still remained in the plastic, and these were then coated with additional epoxy using a surface application to completely seal the diode. The diode/backing plate assembly was then pressure tested at 0.3 MPa to ensure structural integrity before being installed in the water loop.
The geometry of the diode is such that it can be conveniently installed similar to an elbow in the loop. It was installed in the water loop using flexible couplings with standard hose clamps. This configuration allowed the diode to be easily removed and installed for testing in both the forward and reverse directions. Figure 26 is a picture of the flow diode as it was installed in the water loop for reverse flow testing. Experimental results: Testing of the diode produced data for inlet pressure, outlet pressure, and water flow. Forward flow testing was performed in such a way as to match flow rates tested during reverse flow testing so that a direct measurement of diocicity could be made by creating ratios of the pressure drops. However, the forward and reverse flow rates did not exactly match. To experimentally determine diodicity as closely as possible, individual forward flow rates were calculated (to exactly match those of the reverse flow tests) by interpolating between forward flow data points. Additionally, the pressure transducers were located a distance from the inlet and outlet of the diode to ensure that local flow patterns near the diode would not affect the pressure measurements. Pressures used for calculating Euler number and diodicity were corrected to account for pressure drops between the diode and the pressure measurement locations in the loop.
Results of forward flow testing are presented in Table 5 . This table shows the measured flow rates and pressure drops for all tests conducted in the forward direction. Similarly, Table 6 shows all of the measured data taken in the reverse flow direction. The forward-and reverse-flow Euler numbers are plotted in Fig. 27 . They display the characteristic behavior as expected from literature results and as is predicted by the CFD calculations above. The reverse-flow Euler number tends to increase with Reynolds number and then flatten out or slightly decrease, and the forward-flow Euler number decreases with Reynolds number.
The experimentally determined diodicity is plotted against Reynolds number in Fig. 28 . The diodicity increases with Reynolds number up to a value of about 45,000 and then remains about constant. This general behavior with Reynolds number is consistent with both the literature and the CFD calculations presented above. Some subtle features of this curve, such as the slight change in slope at a Reynolds number of ~45,000, have yet to be investigated.
Comparison between experiment and calculation: Figure 29 replots the experimental data shown in Fig. 28 along with all of the CFD results (only results from k-ε realizable model shown). As this figure indicates, the experimental diodicity (gold circles) increases more rapidly with Reynolds number than do the CFD results. Also shown on this figure are the calculated results for the 171.45 mm diameter diode with the modifications discussed above (blue star). These results should be a direct comparison with the experimental results because the design of the experimental diode was modeled directly using CFD for this point. As the figure indicates, the predicted diodicity for this diode is significantly different than that experimentally determined. Differences between experimental and predicted diode performance are presently being investigated. 30.00 0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000
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SUMMARY
A series of CFD calculations has been performed to investigate the behavior of a fluidic diode that uses vortex flow to increase flow resistance through the device. Multiple fluids have been investigated along with diode size and flow through the diode. These calculations have shown that for the diode sizes investigated, the calculated results of diodicity can all be reasonably collapsed to a single function of diode Reynolds number. Additionally, an experimental program including a water loop was used to characterize the performance of a 171.45 mm diode. Although the performance of the experimental diode showed the same general behavior as the CFD results, when directly compared to CFD results, some discrepancies were observed. Additional investigation (both calculated and experimental) is needed to completely understand the differences. In preparation for testing a vortex diode using FLiNaK as the working fluid, a design for both the flow diode and loop modifications has been presented that will allow testing in the Liquid Salt Flow Loop.
APPENDIX A NATURAL CIRCULATION CALCULATIONS
To estimate the flow through the Pebble Bed Advanced High Temperature Reactor (PB-AHTR) core and direct reactor auxiliary cooling system (DRACS) during shutdown operation, an EXCEL calculation sheet was developed to balance the buoyancy head with the various pressure drops around the natural circulation flow loop. A sketch of the geometry used is shown in Fig. A1 . The natural circulation flow path is indicated by the arrows in the figure. The path was broken into six sections. Table A1 shows the paths and geometry assumed in the calculations. For these simplified calculations, it was assumed that the horizontal flow paths were large enough that their flow resistance was low. For the core region , flow through a packed pebble bed was assumed, and pressure drop was calculated using the Ergun equation:
∆P The pressure drop through the vortex diode for these calculations was assumed to be zero to estimate the approximate pressure drop that might be accommodated by the system. Table A2 shows results of these calculations. 
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